Three-dimensional (3D) data of many kinds is produced at an increasing rate throughout all scientific disciplines. The Portable Document Format (PDF) is the de-facto standard for the exchange of electronic documents and allows for embedding three-dimensional models. Therefore, it is a well suited medium for the visualization and the publication of this kind of data. The generation of the appropriate files has been cumbersome so far. This article presents the first release of a software toolbox which integrates the complete workflow for generating 3D model files and ready-to-publish 3D PDF documents for scholarly publications in a consolidated working environment. It can be used out-of-the-box as a simple working tool or as a basis for specifically tailored solutions. A comprehensive documentation, an example project and a project wizard facilitate the customization. It is available royalty-free and for Windows, MacOS and Linux.
Abstract 22 Three-dimensional (3D) data of many kinds is produced at an increasing rate throughout all 23 scientific disciplines. The Portable Document Format (PDF) is the de-facto standard for the 24 exchange of electronic documents and allows for embedding three-dimensional models. 25 Therefore, it is a well suited medium for the visualization and the publication of this kind of 26 data. 27 The generation of corresponding files has been cumbersome so far. This article presents the 28 first release of a software toolbox which integrates the complete workflow for generating 3D 29 model files and ready-to-publish 3D PDF documents for scholarly publications in a consolidated 30 working environment. It can be used out-of-the-box as a simple working tool or as a basis for 31 specifically tailored solutions. A comprehensive documentation, an example project and a 32 project wizard facilitate the customization. It is available royalty-free and for Windows, MacOS 33 and Linux.
Introduction 39 Throughout many scientific disciplines, the availabilityand thus the importanceof three-40 dimensional (3D) data has grown in the recent years. Consequently, this data is often the basis 41 for scientific publications, and in order to avoid a loss of information, the visualization of this 42 data should be 3D whenever possible (Tory & Möller, 2004) . In contrary to that, almost all 43 contemporary visualization means (paper printouts, computer screens, etc.) only provide a two-44 dimensional (2D) interface. 45 The most common workaround for this limitation is to project the 3D data onto the available 46 2D plane (Newe, 2015) , which results in the so-called "2.5D visualization" (Tory & Möller, 47 2004). This projection yields two main problems: limited depth perception and objects that 48 occlude each other. A simple but effective solution of these problems is interaction: by 49 changing the projection angle of a 2.5D visualization (i.e., by changing the point of view), depth 50 perception is improved (Tory & Möller, 2004), and at the same time objects that had previously 51 been occluded (e.g., the backside) can be brought to sight. 52 A means of application of this simple solution has been available for many years: the Portable 53 Document Format (PDF) from Adobe (Adobe, 2014). This file format is the de-facto standard for 54 the exchange of electronic documents and almost every scientific article that is published 55 nowadays is available as PDFas well as even articles from the middle of the last century 56 (Hugh-Jones, 1955). PDF allows for embedding 3D models and the Adobe Reader 57 (http://get.adobe.com/reader/otherversions/) can be used to display these models 58 interactively. 59 Nevertheless, this technology seems not to have found broad acceptance among the 60 scientific community until now, although journals encourage authors to use this technology 61 (Maunsell, 2010; Elsevier, 2015) . One 
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Although it is an ISO standard (ISO 32000-1:2008 (ISO, 2008)), the specification is available to 92 the full extent from the original developer Adobe (Adobe, 2015) and can be used royalty-free.
93
Embedding 3D Models into PDF 94 The fifth edition of the PDF specification (PDF version 1.6 (Adobe, 2004)), published in 2004, 95 was the first to support so-called "3D Artwork" as an embedded multimedia feature. In January 96 2005, the Acrobat 7 product family provided the first implementation of tools for creating and 97 displaying these 3D models (Adobe, 2005). 98 The latest version (PDF version 1.7 (Adobe, 2008a)) supports three types of geometry ( Fluke, 2008) ). 137 Operating system platform support is another issue, as well as royalty-free use.
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As regards the creation of the 3D model files, most of these problems have been addressed in provided. If the document content is modularized to these five key elements (Figure 1 ), the 149 creation of the PDF itself becomes a rather simple task, because the layout can be pre-defined. 150 One last difficulty arises from a peculiarity of interactive 3D figures in PDF: the number 151 viewing options (e.g., camera angle, zoom, lighting…) is nearly unlimited. Although such a figure   152 is intended to provide all these options, an author usually wants to define an initial view at the 153 objects, if only to simply ensure that all objects are visible. No freely available tool for PDF 154 creation currently provides a feature to pre-define such a view. The movie15 package for LaTeX 155 (Grahn, 2005) provides a mechanism do determine the view parameters, but that requires the 156 generation of intermediate PDFs. 157 Finally it must be mentioned that many previously published 3D models are very large - Elicitation of Requirements 185 As described above, the generation of the necessary 3D model data and particularly of the 186 final PDF is still subject to a number of difficulties. Therefore, the first step was the creation of a 187 list of requirements specifications with the aim to create a tool that overcomes these known 188 drawbacks. 189 Two requirements have been identified to be the most important ones: 1) the demand for a 190 tool that creates "ready-to-publish" PDF documents without the need for commercial software 191 and 2) the integration of all necessary steps into a single and easy-to-use interface. Besides 192 these two main requirements, a number of additional requirements have then been identified 193 as well. See Table 2 for a full list of all requirements that were the basis for the following 194 development.
195 The software shall create ready-to-publish PDF documents with embedded 3D models. R1.1 The software shall offer an option to specify the activation mode and the deactivation mode for the 3D models.
R2
The software shall provide an integrated, single-window user interface that comprises all necessary steps.
R3
The software shall be executable under Windows, MacOS and at least one Linux distribution. R4
The software shall be executable without the need to purchase a commerical license. R5
The software shall create 3D model files in U3D format. R5.1 The software shall create view definitions for the 3D model. R5.2 The software shall create poster images for the PDF document. R6
The software shall import mesh geometry from files in OBJ, STL and PLY format. R6.1 The software should import mesh geometry from other file formats as well. R6.2 The software shall offer an option to reduce the number of triangles of imported meshes. R6.3 The software shall offer an option to specify the U3D object name and the color of imported meshes. R7
The software shall import line set geometry from files in text format. R7.1 The software shall offer an option to specify the U3D object name and the color of imported line sets. R8
The software shall import point set geometry from files in text format. R8.1 The software shall offer an option to specify the U3D object name of imported point sets. Therefore, a new macro module was created for MeVisLab. A macro module encapsulates 205 complex processing networks and can provide an integrated user interface. In this way, the 206 internal processes can be hidden away from the user, who can focus on a streamlined workflow 207 instead. Designed in an appropriate way, a macro module can also be considered as an "app" 208 inside of MeVisLab. 209 In order to provide the necessary functionality, some auxiliary tool modules (e.g., for the 210 creation of the actual PDF file) needed to be developed as well. Along with the modules for U3D 211 export mentioned above, these auxiliary tool modules were integrated into the internal 212 processing network of the main "app" macro. The technical details of these internal modules 213 are not within the scope of this article. However, the source code is available and interested readers are free to explore the code and to use it for own projects. 215 The user interface of the app was designed in a way that it guides novice users step-by-step 216 without treating experienced users too condescendingly, though. Finally, a comprehensive 217 documentation including an example project, a wizard for creating tailored PDF modules and a 218 verbose help text was set up. The user interface is arranged in tabs, whereas each tab comprises all functions for one step 240 of the workflow. By processing the tabs consecutively, the user can assemble and modify 3D 241 models, save them in U3D format, create views and poster images for the PDF document, and 242 finally create the PDF itself step by step (Figure 2) . 243 The raw model data can be collected in two ways: either by feeding it to the input connectors 244 or by assembling it by means of the built-in assistant. The former option is intended for 245 experienced MeVisLab users that want to attach the module at the end of a processing chain.
Creation of an "App" for MeVisLab
The latter option addresses users that simply want to apply the app for converting existing 3D 247 models and for creating an interactive figure for scholar publishing. The software allows for importing the geometry data of 39 different 3D formats, including 252 point clouds and line sets from files in character-separated value (CSV) format (see Table 3 for a 253 full list). The import of textures and animations is not supported. 254 Objects from different sources can be combined and their U3D properties (colour, name, 255 position in the object tree) can be specified. The density of imported meshes can be adjusted 256 interactively and multiple views (i.e., the specification of camera, lighting and render mode) can 257 be pre-defined interactively as well. Finally, it is also possible to create a poster image which 258 can replace an inactive 3D model in the PDF document if the model itself is disabled or if it 259 cannot be displayed for some reason (e.g., because the reading software does not provide the 260 necessary features). Figure 3 . code is intended to be compiled manually (see below). 296 There are two approaches to add the app and the other elements to an existing MeVisLab 297 installation: add-on installers and the online repository of the MeVisLab community sources. 298 Installers are self-contained, executable archives that automatically add all necessary files to 299 an existing MeVisLab installation. The target groups for these installers are MeVisLab 300 newcomers and pure users that want to use the Scientific3DFigurePDFApp out-of-the-box. 
Discussion

315
A Toolbox for the Creation of 3D PDFs 316 The utilization of 3D PDF technology for scholarly publishing has been revealed and proven 317 both useful and necessary by several authors in the past years. The mainstream application of 318 3D PDF in science, however, is yet to come. 319 One reason might be the difficult process that has so far been necessary to create 320 appropriate data and relevant electronic documents. This article presents an all-in-one solution 321 for the creation of such files which requires no extraordinary skills. It can be used by low-end 322 users as an out-of-the-box tool as well as a basis for sophisticated tailored solutions for high-323 end users. 324 Many typical problems as regards the creation of 3D model files have been addressed and 325 solved. All steps of the workflow are integrated seamlessly. The software is available for all OS 326 platforms and can import and process objects from many popular 3D formats, including 327 polylines and point clouds ( Table 3 ). The density of imported meshes can be adjusted 328 interactively which enables the user to find the best balance between the desired level of detail 329 and the file size. 330 The main contribution, however, is the possibility to create ready-to-publish PDF documents 331 with a minimum of steps. This approach was proposed to be the ideal solution by (Kumar et al., Although the presented software pulls down the major thresholds that impede the creation 358 of interactive figures for scholarly publishing, some limitations still need to be considered. 359 A general concern is the suitability of PDF as a means to visualize and to exchange 3D models. 360 PDF and U3D (or PRC) do not support all features that other modern 3D formats provide and 361 that would be of interest for the scientific community (e.g., volumetric models). On the other 362 hand, PDF is commonly accepted and de-facto the only file format that is used for the 363 electronic exchange of scholarly articles. Therefore, PDF may not be the perfect solution, but it 364 is the best solution that is currently available. 365 The presented software requires MeVisLab as background framework and the installation of 366 MeVisLab requires a medium-sized download of about 1 GB (depending on the operating 367 system), which could be considered rather large for a PDF creator. On the other hand, 368 MeVisLab integrates a large library for the processing and the visualization of (biomedical) 369 image data. Furthermore, other frameworks (like MeshLab) do not provide all necessary 370 features (e.g., polylines or point clouds) and therefore were not considered to meet basic 371 requirements for the development of the software tool.
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The import of 3D models is based on the Open Asset Import Library there is currently no other solution than using a different render mode (e.g., one of the 396 wireframe modes) or different hardware. Experience shows that many users do not expect a PDF document to be interactive. 401 Therefore, possible consumers should be notified that it is possible to interact with the 402 document and they should also be notified that the original Adobe Reader is required for this. 403 capable of rendering 3D scenes, missing 3D features of a certain reader could be confusing for a 405 user.
406
A Basis for Own Modules 407 As pointed out in previous work (Newe, 2015) , the authoring of a PDF document is usually a 408 complex task and thus in most cases it cannot be avoided to separate the generation of 3D 409 model data from the actual PDF authoring. Although the software tool presented in this article 410 mitigates this general problem by integrating model generation and PDF creation, it is still 411 limited to a certain use case and a pre-defined PDF layout. 412 However, the API of the core PDF functionality is public and designed in a way that facilitates 413 the creation of own PDF export modules. The large number of convenience functions for the Three-dimensional data is produced at an increasing rate throughout all scientific disciplines. 429 The Portable Document Format is a well suited medium for the visualization and the publication 430 of this kind of data. With the software presented in this article, the complete workflow for 431 generating 3D model files and 3D PDF documents for scholarly publications can be processed in 432 a consolidated working environment, free of license costs and with all major operating systems. 433 The software addresses novices as well as experienced users: On the one hand, it provides an 434 out-of-the-box solution that can be used like a stand-alone application, and on the other and all 435 sources and APIs are freely available for specifically tailored extensions.
